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1. Introduction

Zincronized NiCo selenides coupled with
polypyrrole: a synergistic route to high-energy
asymmetric supercapacitors

Anigue Ahmed,{® Muhammad Ramzan Abdul KarimﬂDT*b and Muhammad Usman?®

Transition metal selenides have gained significant attention for energy storage applications due to their
outstanding electrochemical properties, excellent theoretical capacity, superior conductivity, and eco-
friendly nature. The dual strategy consists of incorporating zinc into nickel cobalt selenide to optimize its
electronic structure and redox kinetics, combined with the integration of a conductive polymer matrix to
enhance the charge transport mechanism. However, there is still room for improvement in energy
density and storage capability which can be achieved via composites with conducting polymers. To
enhance the electrochemical performance of NiCoSe,—Zn15, polypyrrole (PPy) was incorporated
through a physical mixing approach. This strategic modification significantly improved electrical
conductivity, ion diffusion, and structural stability of the synthesized electrode material. Different
structural and morphological characterization methods have been employed to verify the successful
synthesis of the selenide materials. The electrochemical performance of all electrodes in the three-
electrode configuration was evaluated, revealing that the NiCoSe,-Zn15/30PPY sample exhibited
remarkable results. The optimized sample demonstrated outstanding specific capacities of 2252.6 C g*1
at2mV s tand 1370.5 C g~ (1957.9 F g7 at 0.5 A g~*. Most importantly, the NiCoSe,~Zn15/30PPY||AC
supercapattery device was successfully fabricated, achieving an energy density of 130.7 Wh kg™* and
a power density of 11900 W kg~t. The hybrid device exhibited excellent cyclic stability, retaining 94.3%
of its initial capacity after 5000 cycles. The hybrid nature of the NiCoSe,-Zn15/30PPY||AC was further
validated using Power's law and Dunn's model. This study highlights the potential of selenide-based
nanocomposites as viable battery-grade electrode materials in asymmetric supercapacitor (ASC) devices.

potential for achieving high energy and power density, rapid
charging/discharging features, and long-term stability.*** The

The growing demand for portable technology and electric
vehicles has driven significant research efforts toward the
development of energy storage systems that offer affordability,
safety, and efficiency."® Among electrochemical energy storage
technologies, supercapacitors (SCs) stand out as a preferred
choice owing to their rapid charge/discharge features, high
power density, extended cycle life, and superior safety
features.** Although supercapacitors demonstrate outstanding
power capabilities, their relatively low energy density (E;) pres-
ents a significant challenge for widespread commercializa-
tion.®” Hybrid supercapacitors (HSCs), which incorporate both
battery-type (pseudocapacitive) electrode materials and electric
double-layer capacitors (EDLCs), demonstrate significant
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pseudocapacitive electrode materials, including transition
metal oxides, chalcogenides, and conducting polymers, provide
a higher energy density than EDLCs.**** Nevertheless, their low-
rate capability presents a challenge for their application in high-
power systems.'* Conversely, carbonaceous materials including
activated carbon, CNTs, and graphene, are primarily used as
electrode materials in EDLCs due to their ability to store elec-
trical energy via surface charge accumulation.” While EDLC
electrodes demonstrate remarkable cycling stability and high-
power density (Ps), they are limited by low energy density.*® To
fabricate high-performance HSCs that address the limitation of
energy density, it is imperative to investigate appropriate
battery-type electrode materials and strategically modify their
electrochemical characteristics.” Recently, extensive research
has been conducted on transition metal dichalcogenides
(TMDs) due to their cost-effectiveness and environmental
compatibility.””*®* TMDs are expressed by the chemical formula
MX,, where M stands for a transition metal taken group IV to
VII, and X represents a chalcogen, which may be tellurium (Te),
selenium (Se), or sulfur (S)."*** TMDs, particularly Zn, Ni, and
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Co-based selenides, are being extensively studied due to their
remarkable theoretical capacity, which makes them potential
electrode materials for next-generation batteries.**> The pres-
ence of multiple valence states enables them to facilitate
reversible redox reactions efficiently.”® Despite their high theo-
retical capacity, experimental studies have demonstrated that
the actual capacities of these selenides materials is significantly
lower.** The low-rate capacity of selenium-based TMDs is often
attributed to their poor conductivity, slow reaction kinetics, and
limited redox active sites.*® These challenges represent signifi-
cant barriers to their widespread application in electrochemical
energy storage systems. To address these challenges,
researchers are investigating various strategies and alternative
electrode materials for integration with TMDs.>**”

Among various TMDs, transition metal selenides, particu-
larly nickel (Ni)-cobalt (Co) selenides have attracted consider-
able interest because of their outstanding electrochemical
activity, favorable conductivity, and multiple oxidation states,
making them promising electrode materials.**® Extensive
research has highlighted that the synergistic interaction
between the two metal (Ni and Co) cations in NiCo bimetallic
selenides results in superior electrochemical performance
compared to monometallic selenides, which significantly
improves conductivity and enables efficient multi-electron
redox reactions.”®?*° Despite their promising electrochemical
properties, NiCo selenides suffer from inadequate structural
stability and slow reaction kinetics.** These limitations signifi-
cantly affect its long-term cycling performance and rate capa-
bility, which ultimately hinder their potential for large-scale
applications.>® To overcome these issues, incorporating other
materials into the nickel-cobalt selenides has emerged as
a promising strategy to improve charge storage capabilities by
leveraging the synergistic effects of multiple active compo-
nents.* The incorporation of zinc (Zn) into the nickel cobalt
selenide (NiCoSe,) matrix effectively addresses these issues by
enhancing the structural stability and rate capability of the
material. The presence of Zn introduces additional active sites,
improving the electrochemical redox reactions while also rein-
forcing the material's overall mechanical stability, leading to
better cycling performance.**** Despite these improvements, Zn
incorporation alone was not fully optimizing the electrode’'s
performance, as it negatively affects two other critical parame-
ters such as ion diffusion efficiency and electrode volume
expansion during charge/discharge cycles.*®* Various
approaches have been explored to overcome the aforemen-
tioned challenges. In this context, the incorporation of con-
ducting polymers (including polythiophene, PPy, and
polyaniline) or carbonaceous materials (such as carbon nano-
fibers, reduced graphene oxide, amorphous carbon, 3D gra-
phene, and carbon nanotubes) as dopants plays a crucial role in
preventing the aggregation of active species.’”*® Additionally,
these dopants significantly enhance the electrical conductivity,
rate capability, and cyclic stability of transition metal selenides
based electrode materials.”*>* This finding encourages us to
integrate PPy with mixed metal selenides, aiming to improve
ion diffusion efficiency and electrical conductivity. The
molecular-level interaction between these materials exhibits
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a remarkable synergistic effect, resulting in a novel battery-type
hybrid electrode material with significantly enhanced specific
capacity (Qs) and long-term stability compared to pristine
materials.

Herein, Zn-doped nickel cobalt selenide (mixed metal) was
successfully synthesized via a hydrothermal approach. The
doped mixed metal selenide is subsequently combined with PPy
through a physical mixing process to form a composite.
Elemental composition, surface morphology, and crystalline
structure of the synthesized nanomaterials were characterized
using energy-dispersive X-ray (EDX) spectroscopy, scanning
electron microscopy (SEM), and X-ray diffraction (XRD),
respectively. The electrochemical performance of the synthe-
sized materials was evaluated using a three-electrode cell
configuration with 1 M KOH as the electrolyte solution. The
electrode demonstrating the most enhanced electrochemical
response was subsequently incorporated into the design of
a hybrid (asymmetric) supercapacitor. A two-electrode cell was
employed to examine the real-performance of the fabricated
device, while computational simulations were used to analyze
its energy storage behavior in terms of capacitive and diffusive
contribution.

2. Experimental

2.1. Materials and chemicals

Zinc(u) nitrate hexahydrate (Zn(NOs),-6H,0), polyvinylidene
fluoride (PVDF), hydrazine hydrate (N,H,-XH,O, 50-60%),
cobalt (u) nitrate hexahydrate (Co(NOj),-6H,0), polypyrrole
(PPy), sodium selenite (Na,SeO;-5H,0), activated carbon (AC),
nickel(n) nitrate hexahydrate (Ni(NOj),-6H,0), N-methyl-2-
pyrrolidone (NMP), potassium hydroxide (KOH), ammonium
persulfate ((NH,),S,0s), and acetylene black (AB), ethanol, and
acetone were obtained from Sigma-Aldrich.

2.2. Synthesis of NiCoSe,-Zn15

The hydrothermal synthesis of NiCoSe, with 15% Zn incorpo-
ration was carried out through a multi-step process. The solu-
tion 1 was obtained by dissolving 0.786 g of Ni(NOj3),-6H,0,
0.735 g of Co(NO3),+6H,0, and 0.134 g of Zn(NO3),-6H,0 in
35 mL of deionized (DI) water while continuously stirring for 30
minutes. Meanwhile, a sodium selenite (Na,SeO;) solution was
obtained by adding 0.343 g of Na,SeO; in 15 mL of DI water,
followed by 15 minutes of stirring. Subsequently, solution 1 was
introduced dropwise into the sodium selenite solution and
stirred continuously during the process. To enhance the
reduction process, 3 mL of hydrazine hydrate (N,H,) was
introduced into the mixture, followed by an additional 1 hour of
continuous stirring. The resulting homogeneous mixture was
then shifted to the autoclave with Teflon-lined stainless-steel
(100 mL) and exposed to hydrothermal conditions at 160 °C
for 24 hours. After the reaction was complete, the autoclave was
left at room temperature to cool down gradually and the
resulting product was separated and cleaned multiple times
with DI water and absolute ethanol to get rid of any unreacted
residues. Finally, the pure product was kept in a vacuum-oven at

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04328j

Open Access Article. Published on 26 September 2025. Downloaded on 12/10/2025 11:29:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Stirring for 45 mins

Ni(NO,),"6H,0

(a) -

Na,-Se0,-5H,0
N,HH,0

4
Co(NO,),"611,0

¥
Zn(NO,), 6H,0

(b)

NiCoSe,-Zn15 @
Physical mixing -
and centrifugation

View Article Online

RSC Advances

Hydrothermal heating
at 160 °C for 24 hours

Collected nanomaterials
(NiCoSe,-Zn15)

Drying at 60 °C for 4 hrs

Physical blended
(NiCoSe,-Zn15/PPy)

Fig. 1 Schematic overview of the, (a) hydrothermally synthesized NiCoSe,—-Zn15. (b) Physical mixing of NiCoSe,—Zn15 with PPy.

75 °C for a total of 10 hours, resulting in the NiCoSe,-Zn15.
Fig. 1(a) illustrates the hydrothermal synthesis of the mixed
metal selenides.

2.3. Synthesis of PPy

Chemical oxidative polymerization was employed for the
synthesis of PPy. Initially, (NH,),S,05 was added in 100 mL of
DI water while stirring constantly for 15 min at a controlled
temperature of 0 °C to create a uniform reaction medium.
Subsequently, 0.15 mol of pyrrole monomer was dissolved
dropwise into the oxidant solution while maintaining constant
stirring to facilitate controlled polymerization. The reaction was
allowed to proceed at 0 °C for 16 hours, during which the
gradual formation of a black precipitate indicated successful
PPy polymerization. The obtained polymer was separated
through filtration and thoroughly washed with deionized (DI)
water, ethanol, and methanol (three cycles each) to separate any
unreacted precursors or byproducts. The final step was to dry
the purified PPy powder in a vacuum oven at 70 °C for 14 hours,
the final product was named as PPy.

2.4. Synthesis of NiCoSe,-Zn15/PPy composites

PPy was incorporated into the NiCoSe,-Zn15 composite
through a physical mixing process. Initially, NiCoSe,-Zn15 was
dispersed in 30 mL of DI water under continuous stirring for 3
hours at room temperature. Subsequently, 10% PPy was intro-
duced into the mixture, and stirring was continued to ensure
uniform distribution. The resultant suspension was shifted for

© 2025 The Author(s). Published by the Royal Society of Chemistry

centrifugation and then dried in a vacuum oven at 70 °C,
yielding the final product is NiCoSe,-Zn15/10PPy. Following the
same procedure, NiCoSe,-Zn15 was combined with 20% PPy to
synthesize NiCoSe,-Zn15/20PPy. Similarly, NiCoSe,~Zn15/
30PPy was prepared with the addition of 30% PPy in NiCoSe,~
Zn15. Finally, 40% PPy was introduced into the NiCoSe,-Zn15
dispersion using the similar method to obtain NiCoSe,-Zn15
with 40% PPy composition, referred to as NiCoSe,~-Zn15/40PPy.
Physical blending was employed to obtain a uniform NiCoSe,~
Zn15/PPy composite. Both powders were dispersed in DI water,
mixed, centrifuged, and dried, ensuring homogeneous distri-
bution without inducing any chemical reaction.* This approach
preserved the individual identities of the components while
enhancing physical uniformity, electrical connectivity, and
overall performance of the composite.”” The physical mixing
process for NiCoSe,-Zn15/PPy composites are shown in
Fig. 1(b).

3. Materials characterization

The electrochemical characterization of the fabricated selenide
electrodes was evaluated with a GAMRY (3000 Reference)
potentiostat/galvanostat system. A three-electrode setup was
employed, with a platinum wire playing the role of the counter
electrode and a Hg/HgO electrode being the reference electrode.
An aqueous solution of 1 M KOH was utilized as an electrolyte
for all experiments. In two electrode cell configurations, the
selenide-based electrode (NiCoSe,-15Zn/30PPy) was connected
to the positive terminal, while activated carbon (AC) served as

RSC Adv, 2025, 15, 35573-35585 | 35575
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the negative electrode to form an asymmetric (Hybrid) super-
capacitor. A filter paper was placed between the two electrodes
as a separator to prevent short-circuiting while allowing ionic
transport. The electrochemical characterization was performed
using CV, GCD, and EIS measurements. For a hybrid device to
operate efficiently, accurate mass and charge balance is essen-
tial. In accordance with eqn (1), the mass and charge balance
between the anode and cathode was maintained at a 4 mg active
material of NiCoSe,-Zn15/30PPy and 7 mg active material of
AC.®
mt AV C (1)
m-  AV+C+
m+
Here, p— denote the masses of the anode and cathode,

. . C . . .
respectively, while or correspond to their specific capacitances.

AV refers to the potential window applicable to each electrode.
The structural properties, elemental composition, and
morphology of the synthesized materials were examined
through XRD, EDX, and SEM techniques, respectively. An
AXRD-LPD system was employed for XRD characterization,
while SEM imaging and EDX analysis were carried out using
a ZEISS EVO 15 setup.

4. Results and discussion

4.1. Structural characterization

X-ray diffraction (XRD) analysis was employed to analyze the
phase structure and composition of the mixed metal selenide
based synthesized materials. The XRD patterns of all samples
are presented in Fig. 2(a). The XRD diffraction peaks observed
for NiCoSe,-Zn15 align closely with JCPDS card no: 70-2851
(NiCoSe,) and JCPDS card no: 80-0008 (Zn selenide), confirming
the formation of Zn doped nickel cobalt selenide (NiCoSe,—
Zn15).** The XRD pattern of pristine PPy displays a broad
diffraction hump centered around 2¢ = 25°, which is charac-
teristic of its predominantly amorphous or semi-crystalline
structure. This diffuse peak originates from the random orien-
tation of polymer chains and the partial ordering of pyrrole
rings, rather than from long-range crystalline domains. The
absence of sharp diffraction peaks confirms the lack of signif-
icant crystallinity in PPy, which is consistent with previously
reported results for conducting polymers.*® Such amorphous
features facilitate ion transport within the polymer matrix and
play a crucial role in enhancing the electrochemical perfor-
mance when PPy is combined with crystalline transition metal
selenides.*® In the case of NiCoSe,-Zn15/10PPy, NiCoSe,-Zn15/
20PPy, NiCoSe,-Zn15/30PPy, and NiCoSe,-Zn15/40PPy the XRD
spectrum show maximum diffraction peak matching with both
NiCoSe,-Zn15 and PPy spectra, indicating the preparation of Zn
doped NiCo selenide and confirming the successful composites
formation of NiCoSe,-Zn15/PPy phases. The presence of well-
defined and sharp diffraction peaks in the pattern confirms
the crystalline nature of the synthesized material. Such crys-
tallinity is advantageous for energy storage systems as it
promotes efficient electron mobility and ion diffusion by

35576 | RSC Adv, 2025, 15, 35573-35585

View Article Online

Paper

minimizing structural defects and enhancing charge transport
pathways.

The surface morphology of the mixed metal based synthe-
sized materials was systematically examined using SEM, as
shown in Fig. 2(b-g). The pristine NiCoSe,-Zn15 selenide
(Fig. 2(b)) exhibited a relatively rough and irregular surface with
a flake-like architecture, suggesting limited surface area and
suboptimal pathways for charge transport. In contrast, the PPy
dopant material (Fig. 2(g)) displayed a highly porous, inter-
connected globular structure, which is most favorable for ion
diffusion and enhances redox activity. Upon incorporating 10%
PPy into the selenide matrix (Fig. 2(c)), a partial coverage of the
active material was observed, with noticeable improvements in
surface uniformity and porosity compared to the pristine
sample, although the PPy distribution appeared somewhat
discontinuous. Increasing the PPy content to 20% (Fig. 2(d))
resulted in a more uniform and interconnected composite
morphology with reduced agglomeration, indicating enhanced
electronic conductivity and more accessible electroactive sites.
At 30% PPy incorporation (Fig. 2(e)), the material demonstrated
an optimal porous network with a well-dispersed PPy coating,
promoting efficient electron transport and facilitating ion
diffusion, which is expected to significantly boost the electro-
chemical performance. However, further increasing the PPy
content to 40% (Fig. 2(f)) led to excessive polymer deposition,
causing particle agglomeration and partial blockage of the
porous structure, potentially hindering electrolyte accessibility
and reducing overall electrochemical efficiency. Among all
samples, the composite with 30% PPy demonstrated the most
favorable morphology, offering an optimal balance between
conductivity, ion diffusion pathways, and electroactive surface
area, making it the most promising candidate for high-
performance hybrid (asymmetric) supercapacitor.

The elemental composition of all samples (mixed metal
selenide) was evaluated through energy dispersive X-ray (EDX)
spectroscopy. The corresponding EDX spectra for all samples
are depicted in Fig. 3. In the spectra of NiCoSe,~Zn15/10PPy,
NiCoSe,-Zn15/20PPy, NiCoSe,-Zn15/30PPy, and NiCoSe,-
Zn15/40PPy characteristic Ka. peaks observed around 6.9, 7.63,
8.68, and 11.2 keV are attributed to Co, Ni, Zn, and Se, respec-
tively (Fig. 3(a)). The peak at 0.2, 0.3, and 0.5 correspond with
C, N, and O, which confirm the presence of the PPy in the
composite samples. Additionally, La peaks located at 0.84, 0.86,
0.88, and 1.12 keV further confirm the presence of Co, Ni, Zn
and Se, supporting the formation of Zn doped NiCo metal
selenides with PPy composites (Fig. 3(b-e)). The EDX spectrum
of S1 reveals peaks corresponding to Co, Ni, Zn, and Se
(Fig. 3(a)), while that of S6 exhibits the formation of PPy through
peaks related to C, N, and O (Fig. 3(f)). The absence of any
impurity peaks across all spectra confirms the phase purity of
the synthesized products.

4.2. Electrochemical analysis

4.2.1. Cyclic voltammetry (CV). CV measurements were
performed for selenide samples within a potential window (PW)
of 0 to 0.7 V to investigate charge reaction kinetics, utilizing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD pattern and (b—g) SEM image presenting surface morphology of synthesized selenide samples (b) NiCoSe,—2Zn15, (c) NiCoSe,—

Zn15/10PPy, (d) NiCoSe,—Zn15/20PPy, (e) NiCoSe,-Zn15/30PPy, (f) NiCoSe,—Zn15/40PPy, and (g) PPy, respectively.

potential scan rates ranging 2 to 60 mV s~ '. Fig. 4(a-f) portrays
the CV curves corresponding to all synthesized selenide
samples. The cyclic voltammetry profiles of all samples clearly

© 2025 The Author(s). Published by the Royal Society of Chemistry

reveal the presence of two distinct current peaks (oxidation and
reduction) at specific voltages in both the forward and reverse
scans. The appearance of these peaks is attributed to the

RSC Adv, 2025, 15, 35573-35585 | 35577


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04328j

Open Access Article. Published on 26 September 2025. Downloaded on 12/10/2025 11:29:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

39.9¢
342
285K
28
171K
114K

57K

00K
00 17 34 51 68 as 102 ns 136 153

Det: Boment-C28

View Article Online

Paper

Fig. 3 EDX analysis results for the synthesized NiCoSe,-Zn15/PPY composites selenide samples: (a) S1 [NiCoSe,—Zn15], (b) S2 [NiCoSe,-Zn15/
10PPy], (c) S3 [NiCoSe,—Zn15/20PPy], (d) S4 [NiCoSe,-Zn15/30PPy], (e) S5 [NiCoSe,—2Zn15/40PPy], and (f) S6 [PPy].

faradaic redox oxidation and reduction reactions at the inter-
face of electrode. The nature of the curves indicates the influ-
ence of an EDLC component, yet the overall electrochemical
behavior of selenide electrodes suggests a redox-dominant
pseudocapacitive nature. When the potential scan rate is
increased, the curves maintain their symmetry while exhibiting

broad peak, indicating that samples NiCoSe,-Zn15, NiCoSe,—
Zn15/10PPy,  NiCoSe,-Zn15/20PPy,  NiCoSe,-Zn15/30PPy,
NiCoSe,-Zn15/40PPy, and PPy possess superior rate capa-
bility; however, with the increase of potential sweep rate the
internal resistance of the fabricated electrode also increases.
The shift of redox peaks toward higher voltages with increasing
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Fig.4 CV curves of (a) NiCoSe,-Zn15, (b) NiCoSe,—Zn15/10PPy, (c) NiCoSe,—-Zn15/20PPy, (d) NiCoSe,-Zn15/30PPy, (e) NiCoSe,—Zn15/40PPy,

and (f) PPy at different scan rates.
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Fig. 5 (a) Comparison CV curve of all samples at 3 mV st (b) Q, calculated through CV curves.

potential scan rates indicates that the samples have a redox-
dominant pseudocapacitive nature, a characteristic typically
observed in battery-grade electrodes.

The Qg of the electrode material can be estimated by
analyzing the area enclosed by the cyclic curve. Fig. 5(a)
provides a comparative representation of the voltammograms
for all analyzed samples. It is evident that sample NiCoSe,—
Zn15/30PPy exhibits the greater area under the cyclic curve,
indicating a higher retention of specific capacity (Qs). The Q;
was derived from the CV profiles by applying following

equation:**®

Qs=$XJ1>< vdv @)

In this equation, the expression [I x VAV signifies the area
covered by the CV curve, obtained by integrating the product of

current (I) and voltage (V) with respect to dV. The mass of the
electrode’s active material is defined by m, and the scan rate is
described by v. As portrays in Fig. 5(b), our results demonstrated
that sample NiCoSe,-Zn15/30PPy exhibits the highest specific
capacity (Qs) of 2252.6 C g~ at a potential scan rate of 2 mV s,
outperforming NiCoSe,-Zn15, NiCoSe,-Zn15/10PPy, NiCoSe,—
Zn15/20PPy, NiCoSe,-Zn15/40PPy, and PPy, which exhibit Qg
values of 1279.6, 1609.9, 1874.8, 1510.9, and 922.4 C g ',
respectively. Various methods were employed for the theoretical
analysis of the NiCoSe,-Zn15/30PPy electrode material. The
power law outlined below can be used to measure the b-values
of hybrid devices:®

I=a’ (3)

log(1,) = loga + blogv (4)
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Fig. 6 Galvanostatic charge—discharge (GCD) curves recorded for (a) NiCoSe,—Zn,

NiCoSe,—Zn15/30PPy, (e) NiCoSe,—Zn15/40PPy, and (f) PPy.
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Fig. 7 (a) Comparison of GCD behavior for all samples at a current density of 0.8 A g% (b) Current density-dependent specific capacities
recorded for all samples. (c) Electrochemical impedance spectroscopy (EIS) spectra for samples all prepared electrode materials.

The electrode material exhibits the b-values between 0.5 and
1.0. A b-value of 0.5 for an electrode material suggests a battery-
type charge storage behavior, while 1.0 b-value is indicative of
a capacitive-dominant nature.® As shown in Fig. S1(a), the b-
value for sample NiCoSe,-Zn15/30PPy is around 0.5, confirming
the redox-active nature of the NiCoSe,-Zn15/30PPy material.
For electrodes with diffusion-controlled charge storage, the
current increases proportionally with the square root of poten-
tial scan rate.® As shown in Fig. S1(b), the graph with an R
square-value of 0.98 further validates the diffusive charge
storage mechanism of NiCoSe,-Zn15/30PPy. The current
contributions arising from diffusion-controlled and capacitive
processes during electrode charging and discharging can be
determined using Dunn's model, as expressed below:**

I(V) = icap + idif (5)
l(V) = klv—l—kzv% (6)

In this equation, ‘’ denotes the current, whereas ‘k,” and ‘k,’ are
arbitrary constant. As shown in Fig. S1(c), the diffusive and
capacitive current at 3 mV s ' are displayed, confirming the
diffusion-dominant behavior of the selenide sample NiCoSe,-
Zn15/30PPy. The sample containing 30% PPy demonstrated the
most prominent redox peaks and highest integrated area under
the CV curve, signifying superior electrochemical activity. The

enhanced performance can be ascribed to the synergistic effect
of well-dispersed PPy within the NiCoSe,-Zn15 matrix, facili-
tating rapid electron transport and ion diffusion. Thus, the
outcomes highlight NiCoSe,-Zn15/30PPy as a promising elec-
trode material for asymmetric supercapacitors.

4.2.2. Galvanostatic charge-discharge (GCD). The charge
storage capacity of the electrode material was examined using
GCD measurements. The GCD analysis of all synthesized
samples was conducted within a 0-0.6 V potential range at
current densities of 0.5 Ag™ "' t0 7.0 Ag™ ", which was determined
according to the reaction peak positions in the CV profile. As
demonstrated in Fig. 6(a-f), the GCD outcomes for the selenide
samples align efficiently with the CV results. A distinct plateau-
like feature with a prominent hump in the charge-discharge
curves of the GCD profiles suggests the occurrence of faradaic
redox reactions. The specific capacities (Qs) and specific
capacitance (Cs) through GCD of these selenide samples, which
were calculated based on eqn (7) and (8):*

Qs = At x IIm (7)
C, = MIAV x IIm 8)

In this equation, ‘I/m’ corresponds to the current density, while
‘At and ‘AV’ signifies the total discharge time and PW of the
selenide sample. Moreover, the comparison GCD profile of all
the synthesized samples at 0.8 A g~ ' is depicted in Fig. 7(a). At

Table 1 The electrochemical performance of NiCoSe,—-Zn15/30PPy in comparison with previously reported literature

S. no. Electrode materials Preparation method Electrolyte Potential window (V) Specific capacity (C g™ ") Ref.
1 MG-CoNiSe Electrostatic self-assemble 6 M KOH 0 to 0.45 702.7Cg tat1Ag ! 49
selenization processes

2 NiSe/MnSe@CoS Electrodeposition 20MKOH  0to0.45 884.0Cg 'at1Ag " 50

3 CoSe,/NiSe, film Electrodeposition 3 M KCl 0 to 0.4V 646Cg 'at1A g 51

4 Ni.5C0p.55€5 Hydrothermal 1 M KOH 0to 0.6 805.6 Cg 'at1.8Ag " 52

5 NiSe,-Fe;Se,@NiCoB Hydrothermal 2 M KOH 0 to 0.45 887.0Cg tat1Ag " 53

6 ZnO@CoS Electrodeposition 3 M KOH 0to0 0.55 8989Cg 'at3mAcem > 54

7 MnSe,@NiCo,Se, Hydrothermal 6 M KOH 0 to 0.45 1078Cg 'at1A g’ 55

8 CuCo0,04 BMs Hydrothermal 2 M KOH 0to 0.4 303.22Cg tat1Ag! 56

9 CuCo,0, nanosheets Hydrothermal 3 M KOH 0 to 0.45 246.0C g 'at0.5A¢g" 57
10 NiCoSe,-Zn15/30PPy Hydrothermal 1 M KOH 0 to 0.6 13705Cg "at0.5Ag " Present

work
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a lowest current density, the specific capacities (specific
capacitance) of samples NiCoSe,-Zn15, NiCoSe,-Zn15/10PPy,
NiCoSe,-Zn15/20PPy, NiCoSe,-Zn15/30PPy, NiCoSe,-Zn15/
40PPy, and PPy were determined to be 1005.6 (1436.6), 1142.0
(1631.4), 1182.2 (1688.9), 1370.5 (1957.9), 1085.7 (1551.0), and
577.4 C g~ ' (824.9), respectively, as depicted in Fig. 7(b) and S2.
The GCD analysis also highlights the superior electrochemical
performance of sample NiCoSe,-Zn15/30PPy. Therefore,
NiCoSe,-Zn15/30PPy exhibits a significant capacity loss when
the current densities are increased from 2 Ag~" to 7 A g~ This
decline can be attributed to the increase in equivalent series
resistance (ESR) at higher current densities, as well as the
limited permeability of the electrode material to intercalate
with the electrolytic ions, leading to sluggish ion kinetics and
a sudden drop in capacity.*»*”** Consistent with the CV results,
the 30% PPy composite exhibited the longest discharge time
and highest specific capacity, confirming its superior charge
storage capability. This superior behavior is linked to the
synergistic effect of the conductive PPy network and porous
15% Zn doped NiCoSe, matrix, which together enhance elec-
tron mobility and electrolyte accessibility.

4.2.3. Electrochemical impedance spectroscopy (EIS). The
conductive properties of the selenide samples were scrutinized
through electrochemical impedance spectroscopy (EIS) within
a frequency range of 0.1-100 000 Hz. Fig. 7(c) displays the EIS
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spectra corresponding to all mixed metal selenide-based
samples (S1 to S6), with inset represents the high-frequency
region of Nyquist plot. The equivalent series resistance (ESR) of
each sample was determined, which represents the combined
resistance from diffusion of ions through the electrolyte (KOH),
the electrode material's electrical conductivity, and interfacial
resistance between the electrode and electrolyte. The selenide
samples demonstrate an almost insignificant equivalent series
resistance (ESR). The semicircle observed in the high-frequency
portion of the EIS spectrum represents the charge transfer
resistance (R.), or the resistance encountered during charge
transfer at the electrode. The NiCoSe,-Zn15/30PPy sample
exhibit negligible R in the high-frequency portion, indicating
their superior conductivity. The presence of an inclined line in
the lower frequency domain corresponds to Warburg imped-
ance (Wq) which illustrates the ion (OH ™) diffusion resistance in
the selenide-based electrode material, while slope of the line
also provides information about nature of the electrode mate-
rial. The ESR of an electrode material is determined by the x-
intercept of the EIS profile at high frequencies. For samples
NiCoSe,-Zn15, NiCoSe,-Zn15/10PPy, NiCoSe,~Zn15/20PPy,
NiCoSe,-Zn15/30PPy, NiCoSe,-Zn15/40PPy, and PPy, the ESR
values were calculated as 1.83 Q, 1.17 Q, 0.99 Q, 0.62 Q, 1.19 Q,
and 1.49 Q, respectively. The 30% PPy composite exhibited the
lowest equivalent series resistance in the EIS analysis,
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(a) Illustrative depiction of structurally engineered hybrid (NiCoSe2-Zn15/30PPY||AC) supercapacitors. (b) CV represents the behavior of

the NiCoSe,-Zn15/30PPY||AC. (c) GCD profile of the hybrid device. (d) Qs calculated through GCD of the real device.
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(a) Calculated cyclic stability of fabricated NiCoSe,—Zn15/30PPY||AC device during 5000 cycles. (b) Device EIS analysis with inset of high

frequency region. (c) Ragone plot of the NiCoSe,-Zn15/30PPY||AC device with reported literature. (d) Capacitive contributions of the hybrid
device at scan rates of 20 mV s, (e) Sweep rate-dependent analysis of capacitive and diffusion-controlled contributions.

confirming its superior electrical conductivity and enhanced
interfacial charge transport. Table 1 presents a comparison of
the electrochemical performance of NiCoSe,-Zn15/30PPy in
a three-electrode configuration with already reported literature.
The outstanding electrochemical response exhibited by sample
NiCoSe,-Zn15/30PPy suggests its potential use as a battery-
grade electrode in hybrid (Asymmetric) supercapacitor systems.

35582 | RSC Adv, 2025, 15, 35573-35585

4.3. Hybrid (asymmetric) supercapacitors

A hybrid supercapacitor was fabricated to investigate the
feasibility of selenide sample (NiCoSe,-Zn15/30PPy) in practical
applications, employing sample NiCoSe,-Zn15/30PPy and AC as
a positive electrode and negative electrode, respectively
(Fig. 8(a)). Electrochemical characterization of the assembled
NiCoSe,-Zn15/30PPy||AC hybrid device was conducted through

© 2025 The Author(s). Published by the Royal Society of Chemistry
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CV. In three-electrode setup, the potential window (PW) for AC
was established as 0 to —1 V, whereas NiCoSe,-Zn15/30PPy
exhibited an operational range of 0 to 0.7 V. Fig. S3(a)
portrays the CV curve of NiCoSe,-Zn15/30PPy (from 0 to 0.7 V)
and AC (from 0 to —1 V) at 3 mV s *. The optimal PW of 0 to
1.7 Vwas carefully selected for the CV analysis to ensure precise
measurements. The results obtained across potential sweep
rates from 2 to 100 mV s~ " were visually represented in Fig. 8(b).
The CV profiles of the hybrid device exhibit a distinctive shape,
confirming its hybrid features. The CV curves maintain their
symmetrical nature even at elevated scan rates, exhibiting the
outstanding stability and high-rate capability of the hybrid
device. Fig. S3(b) represents the cyclic curves of the hybrid
supercapacitors at different PWs of 0.6, 0.8, 1.0, 1.2, 1.4, 1.5, 1.6,
and 1.7 V. In addition, GCD tests were performed at different
current density (1.7-14 A g~ ') within a PW of 0-1.7 V. The
results from the GCD analysis were in very good agreement with
the CV measurements, as depicted in Fig. 8(c). The presence of
nonlinear features in the GCD profile provides clear confirma-
tion of the hybrid characteristics of the device. As shown in
Fig. S3(c), GCD performed at different PW to optimize the
operational potential window for a hybrid device. As illustrated
in Fig. 8(d), the NiCoSe,-Zn15/30PPy||AC device exhibited an
optimal specific capacity (Qs) of 553.5Cg "at 1.7 Ag .

To evaluate the cyclic stability of the fabricated hybrid
device, it was subjected to 5000 consecutive GCD cycles at
14 A g~ *. The hybrid supercapacitor revealed excellent cycling
stability, preserving 94.3% of its initial charge capacity
(Fig. 9(a)). The conductive nature of the NiCoSe,-Zn15/
30PPy||AC device was investigated through EIS measurements
before and after the stability testing (Fig. 9(b)). The electro-
chemical impedance response of the electrode was examined
through EIS in a frequency range of 0.1-100 000 Hz. The ESR
value of the hybrid device increased from 0.59 Q to 0.61 Q after
the cycling stability. The slight rise in electrochemical resis-
tance is ascribed to continuous faradaic reactions occurring
over 5000 charge-discharge cycles.”®*® Furthermore, the ob-
tained R, value was nearly negligible (inset of Fig. 9(b)). Specific
energy density (E;) and specific power density (Ps) are two
primary metrics governing energy storage performance. These
parameters for the fabricated device were evaluated based on
eqn (9) and (10):**%

E,=Q, x AVI7.2 (9)

P, = E, x 3600/At (10)

The NiCoSe,-Zn15/30PPy||AC hybrid device demonstrated
an optimal energy storage performance, attaining a maximum
specific E; of 130.7 Wh kg™ ' at Py of 1449.8 W kg ' and
a maximum specific P; of 11900 W kg™ ' at 36.2 Wh kg™, as
depicted in Fig. 9(c). These findings demonstrate superior
performance when compared to previously reported results in
the literature, such as SWNT, Fe;0,/G, TEABF4/PC, ACWS-6,
Tris/rGO, Meso-2.0 nm, asMEG-O, VOPO,-RGO, and ac-G/
SWCNT.**%8 Fig. S3(d) presents the b-value fitting (power's law)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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across various voltages from 1 to 1.6 V. The hybrid device reveals
b-values ranging between 0.73 and 0.83. An intermediate range
of b-values, from 0.5 to 0.8 is observed in the hybrid device
(inset of Fig. S3(d)), commonly referred to as an asymmetric
configuration.®*

To obtain theoretical interpretations of the fabricated
NiCoSe,-Zn15/30PPy||AC device, Dunn's model was imple-
mented using eqn (6). Fig. 9(d) displays the capacitive contri-
bution of 53.4%, whereas diffusive current contributions of
46.6% at scan rate of 20 mV s~ '. At scan rates of 3, 60, and
100 mV s, the capacitive (diffusion-controlled) contributions
are 30.7% (69.3%), 66.5% (33.5%), and 71.9% (28.1%), respec-
tively (Fig. S4(a-c)). Furthermore, the overall percentage
contribution of current at distinct scan rates are shown in
Fig. 9(e). The findings provide strong evidence for the enhanced
hybrid features of the fabricated NiCoSe,-Zn15/30PPy||AC
device.

5. Conclusions

In conclusion, the hydrothermal synthesis technique was
employed for the preparation of NiCoSe,-15Zn, while PPy was
incorporated through a simple physical mixing approach.
Structural and morphological analyses have confirmed the
effective synthesis of the prepared materials. The electro-
chemical performance of all electrodes was examined in three-
electrode configuration, where NiCoSe,-Zn15/30PPY demon-
strated the highest specific capacities than other composite,
achieving 2252.6 Cg 'at2mVs 'and 1370.5Cg 'at0.5A¢g ..
The optimized electrodes were utilized into an asymmetric
supercapacitor (ASC) device, specifically NiCoSe,-Zn15/
30PPY||AC demonstrating outstanding energy and power
densities. The device reached a remarkable E of 130.7 Wh kg "
at 0.5 Ag~ ' while maintaining a P, of 1449.8 W kg™, and even at
an elevated current density of 14 A g™, it retained 36.2 Wh kg ™"
and 11 900 W kg~ ". The results emphasize the superior specific
capacity of the device. Furthermore, it showcased excellent
cyclic stability, retaining 94.3% of its original capacity after 5000
cycles. To confirm the battery-grade performance of the super-
capacitor, the power law analysis was conducted, revealing that
the b-values of the electrodes fall within the range of 0.5 to 1.
These findings establish binary NiCoSe,-Zn15/30PPY as
a promising candidate for various applications, such as
renewable energy storage and electric vehicles.
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